Humans combine co-emitted social signals to predict other's immediate intentions and prepare an adapted response. However, little is known about whether attending to only one of co-emitted social signals impacts on its combination with other signals. Here, using electroencephalography, we address selective attention effects on early combination of social signals. We manipulated three visual cues: gaze direction, emotional expression, and pointing gesture, while participants performed either emotion or gaze direction judgments. Results showed that a temporal marker of social cues integration emerges 170 ms after the stimulus onset, even if the integration of the three visual cues was not required to perform the task, as only one feature at a time was task-relevant. Yet, in addition to common temporal regions, the relative contribution of specific neural sources of this integration changed as a function of the attended feature: integration during emotion judgments was mainly implemented in classical limbic areas but in the dorsal pathway during gaze direction judgments.
INTRODUCTION
The quality of our social interactions depends on correctly detecting co-emitted social signals and adapting our behaviour accordingly. Of interest, once merged into a single percept, co-emitted social signals can take on new significance and certain combinations, notably those indicating the presence of threat, become more relevant than others. Typically, angry expressions are perceived as more threatening when associated with a direct gaze than with an averted gaze (Sander et al. 2007; N'Diaye et al. 2009; Sato et al. 2010; Conty et al. 2012) . Despite the clear relevance of understanding the spatiotemporal characteristics of the mechanisms underlying the combination of social cues, the question of whether, when and how, directing one's attention towards a specific social signal impacts on its neural integration with other co-emitted social cues remains.
Indeed, the literature exploring the neural sources of gaze and expression integration reports incongruous results (Graham and Labar 2012) . One possible explanation is that the neural sources underlying social cues integration may be task demand-dependent (Graham and Labar 2012; Dumas et al. 2013) . While most of the functional Magnetic Resonance Imagery (fMRI) experiments revealed that the amygdala integrated emotion and gaze when participants were required to attend to the emotional content of the faces or their gender (Sato et al. 2004 (Sato et al. , 2010 Sander et al. 2007; N'Diaye et al. 2009; Adams et al. 2012) , the premotor cortex was involved in gaze and expression combination when participants were requested to attend to gaze direction (Conty et al. 2012) .
Electroencephalography (EEG) results also suggest that the temporal marker of such integration is susceptible to task demand influences: it emerges around 170 ms after stimulus onset when participants attend emotional expressions (Akechi et al. 2010) , at around 200 ms when participants attend gaze direction (Conty et al. 2012) , at 240 ms during passive viewing (Rigato et al. 2010) , and later during an oddball task concerning gaze direction (Klucharev and Sams 2004) . Finally, other studies in the literature have reported that when observers orient their attention to only one feature at a time as requested by the task (i.e. judging the emotion or the gaze of emitters), co-emitted facial A C C E P T E D M A N U S C R I P T ACCEPTED MANUSCRIPT 4 signals are processed independently (Bindemann et al. 2008 ) by anatomically and functionally segregated neural structures, at least initially (Klucharev and Sams. 2004; Pourtois et al. 2004 ).
To directly address how selective attention affects the time course and neural bases of early combination of social signals, we implemented an electroencephalography (EEG) experiment (evoked potentials and source reconstruction analysis). To parametrically modulate the self-relevance of perceived social signals, we manipulated three visual cues: emotion, gaze direction and pointing gesture (as in Conty et al. 2012) . Participants performed two tasks: one which requested them to attend only to the gaze direction cue and one which requested them to attend only to the emotional cue. Based on our previous study using the same stimuli (Conty et al. 2012) , we expected an early combination (rather than parallel processing) of the social cues that clearly portrayed a relevant threat for the observer within the first 200 ms. Yet, how the precise temporality and the sources of this integration were influenced by task-demand was addressed in a hypotheses-free manner.
METHODS

Participants
Eighteen healthy subjects (10 females; mean age, 24.0 ± 0.5 years) participated in the EEG experiment. All participants were right handed, with a normal or corrected vision, and were free of current or past psychiatric or neurological disorders. The subjects gave their written informed consent and were paid for their participation. The study was approved by the local Ethics Committee and was conducted in accordance with the Declaration of Helsinki.
Stimuli
The stimuli used in the present experiment were developed by Conty and Grèzes (2011) . They consisted of 192 photographs of 12 actors (six females) seen under 8 conditions: 2 emotions (anger / neutral) * 2 gaze directions (head and eye gaze directed toward the participant or averted to the A C C E P T E D M A N U S C R I P T ACCEPTED MANUSCRIPT 5 right and left side: direct/averted) * 2 gestures (pointing / no pointing) ( Fig. 1a ). An "initial position" photograph depicts each of the actors with a neutral expression, arms by their sides, and an intermediate head and eye direction of 15°. More detailed description of the stimuli can be found in Conty and Grèzes. (2011) .
Procedure
Each trial started with a fixation screen (500 ms) consisting of a central red fixation point and four red angles, displayed on a uniform gray background. The participant was instructed to fixate the central point and to keep his/her attention inside the fixation area at the level of the central point throughout the trial, avoiding eye blinks and saccades. Because dynamic social displays are more ecologically valid (Sato et al., 2010; Schilbach, 2010) , we created an apparent movement by presenting two photographs, one after the other (Conty et al. 2007 (Conty et al. , 2012 . The first photograph always displayed the actor in the initial position during a random period of time, ranging from 1200 to 1500 ms. The second one immediately followed and displayed the same actor in one of the eight conditions of interest ( Fig. 1b) for 1300 ms. Throughout the trial, the actor's face remained within the fixation area. Then, a response screen was presented for 1000 ms, followed by a black screen of 500 ms preceding the next trial. We delayed the responses to ensure that the participants responded at the end of the observation period.
The experiment was divided in 8 experimental blocks of 96 trials each. Two tasks alternated in separate blocks resulting in 4 blocks for each task. Participants were requested to focus either on the nature of the emotional expression (expression task) or the gaze direction of the actor (direction task). We chose to only include those two tasks based on the literature described in the introduction.
The expression task consisted in indicating the content of the actors' facial expressions during a response screen displaying the words "neutral" and "angry". In the direction task, participants had to indicate the gaze direction during a response screen now displaying the words "me" and "other". The location of the two words (on the right or left parts of the screen) was randomized ( Fig. 1b) . Varying
the location of the words allowed preventing the participants from preparing their responses during the observation period. Therefore, our design was not appropriate for detecting any reaction time advantage in making judgments about gaze directions or emotions. During the EEG experiment, the participants perfectly performed the two tasks (Expression task: mean correct response = 96±0.8%
and Direction task: mean correct response = 98±0.4%), which assured that participants kept their attention on the stimuli.
To summarize, there were 16 conditions of interest in our experiment: 2 Tasks (Expression/Direction) * 2 Emotions (Anger/Neutral) * 2 Gaze directions (Direct/Averted) * 2 Gestures (Pointing/No pointing).
Post-test
On the same day, just after the EEG experiment, participants had to perform a behavioural post-test. They were exposed to all stimuli using the same procedure described above. After each trial, they had to evaluate their felt self-involvement on a scale ranging from 0 to 9 (0, "not involved"; 9, "highly involved"). A repeated-measures ANOVA was performed on these subjective ratings, with emotion (anger/neutral), gaze direction (direct/averted) and gesture (pointing/no pointing) as within-subjects factors.
EEG data acquisition, processing and analyses
The recording of the EEG activity was held at Centre de NeuroImagerie de Recherche (CENIR at Institut du Cerveau et de la Moelle Epinière; ICM) at a sampling rate of 1000 Hz using a BRAINAMP amplifier (Brain Products, BRAINAMP MR PLUS). Participants were equipped with an EEG cap of 63 sintered Ag/AgCl ring electrodes (Easycap). The reference channel was placed on their nose and a forehead ground was used. Impedances were kept under a threshold of 10 kΩ. EEG signal was low pass filtered online at 250 Hz.
The raw EEG data was recalculated to average reference, down-sampled to 500 Hz, and low-pass filtered at 30 Hz (using EEGlab version 11 sccn.ucsd.edu/eeglab). Trials containing blinks and muscles
artefacts were manually excluded. We computed the ERPs for each condition between 200 ms before and 800 ms after the onset of the second photograph and corrected using a baseline subtraction (from -200 ms to stimulus onset).
Four classical ERP components were studied: the occipital P100, the temporal N170, the central P200 (Ashley et al. 2004; Vlamings et al. 2009 ) and a later component: the late positive potential (LPP) (Cuthbert et al. 2000; Schupp et al. 2000) . For each ERPs of interest, we selected specific electrodes and time range on the peak amplitude observed on mean ERPs computed on all trials. For the P100, average activity on two occipito-parietal electrodes around the peak, between 92 and 116 ms, in each hemisphere was selected (O1/PO7, O2/PO8). For the N170, average activity on three electrodes around the peak, between 162 and 186 ms, in each hemisphere was selected (P7/TP7/TP9, P8/ TP8/TP10). For the P200, average activity on six central electrodes around the peak, between 184 and 208 ms, was selected (C1/Cz/C2/CP1/CPZ/CP2). Finally, according to previous literature on the late positive potential (LPP; Schupp et al. 2000; Liu et al. 2012) , LPP related activity was measured by considering the mean activity averaged on five parietal electrodes (on which the LPP activity was maximal) between 300 and 700 ms (P3, P1, Pz, P2 et P4).
Repeated-measures ANOVA was performed on each ERP measure with task (expression/direction), emotion (anger/neutral), gaze direction (direct/averted), gesture (no pointing/pointing), ─ and for bilateral ERP components: P100, N170 ─ hemisphere (right/left), as within-subjects factors. Secondly, to address selective attention effects on the sources of early social cues integration, we performed the same masked analysis as described above, but for each task separately. We created a conjunction map to identify neural sources that were common to both tasks, and then used this conjunction image as an exclusive mask to identify the sources that were specific to one or the other task.
EEG source localization
For both analyses, regions representing a surface area superior to 1.5 cm 2 (and thus included more than 15 contiguous vertices), following the self-relevance pattern are reported and labelled on the basis of the correspondence between the Tzourio-Mazoyer brain atlas (Tzourio-Mazoyer et al. 2002) , the brainstorm generic brain and source model implemented in Brainstorm software. For each region, we reported the number of vertices observed (Table 1) . We selected 3 regions: 1) one revealed across tasks, 2) one for the Direction task and 3) one for the Expression task, and plotted for
comparison the data for one representative vertex of those regions, for each task independently ( Fig.   3 ).
RESULTS
Behavioural post-test
As expected from our previous experiment (Conty et al., 2012) , stimuli were considered more selfinvolving in the angry condition as compared with the neutral condition (F (1,17) =32.8, p<0.001), in the direct gaze condition as compared with the averted gaze condition (F (1,17) =160.9, p<0.001), and in the pointing condition as compared with the no pointing condition (F (1,17) =69.7, p<0.001). Interestingly, an interaction between emotion, gaze, and gesture was observed (F (1,17) =10.3, p<0.01). Post-hoc comparisons revealed that the condition that was judged as more self-involving as compared to the other conditions (all t (1, 17) >3, all p<0.001) was the condition where the 3 relevant cues were coemitted (angry expression, direct gaze and pointing gesture). Moreover, the self-involvement ratings increased with the number of self-directed social cues: it was higher when two self-directed social cues were present (direct gaze and anger or direct gaze and pointing) as compared to one selfdirected cue (direct gaze) (all t (1,17) >5.7, all p<0.001) whereas no difference was observed between the two conditions of two self-directed social cues (t (1, 17) =0.09,p=0.92) ( Fig. 2a) .
Time course of social cues processing
We addressed when emotion, gaze, and gesture were integrated and whether this integration varied with task demand. On P100 activity, we observed main effects of emotion and gesture. Anger (F (1,17) =17.7, p<0.001) and pointing (F (1,17) =17,3, p<0.001) induced greater positive activity than neutral and no-pointing conditions, respectively (see Figure S1 ). No other main effects or interaction between factors were observed (all F<1, all p>0.2).
On the temporal N170, main effects of hemisphere, emotion, gaze and gesture were detected. The activity was more important in the right than in the left hemisphere (F (1, 17) =6.69, p<0.05). Anger (F (1, 17) =128.04, p<0.001), direct gaze (F (1, 17) =6.17, p<0.05), and pointing (F (1, 17) =24.99, p<0.001) conditions generated greater negative peak amplitudes than, respectively, neutral, averted gaze, and no-pointing conditions. There was an interaction between emotion and gaze (F (1,17) =6.69, p<0.05), an interaction between emotion and gesture (F (1, 17) =16.3 p<0.001), and more importantly, an interaction between emotion, gaze, and gesture (F (1,17) =4.59, p<0.05). This interaction was explained by an interaction between gaze and gesture only in the anger conditions (F (1,17) =4.537, p =0.048) but not in the neutral conditions (F (1,17) <0.001, p=0.991), strongly supporting the idea that there was integration between the three co-emitted cues rather than additive effects only. The peak amplitude of the most self-relevant condition (anger, direct gaze and pointing) was greater than all other conditions (all t (1, 17) >3.3, all p<0.01) (Fig. 2c) . In addition, just as in the post-test ratings, N170 activity increased with the number of self-directed social cues: activity was greater when two self-directed social cues were present (direct gaze and anger or direct gaze and pointing) as compared to one self-directed cue (direct gaze) (t (1,17) =6,p<0.001) whereas no difference was observed between the two conditions of two self-directed social cues (t (1,17) =0.47,p=0.65) (Fig. 2b) .
Analysis ran on the central P200 revealed a main effect of emotion and gaze. Anger (F (1,17) =8.9, p<0.01) and averted gaze (F (1,17) =5.1, p<0.05) elicited greater positive activity than, respectively, neutral and direct gaze conditions (see Figure S1 ). No other main effects or interactions between factors were observed (all F<1, all p>0.2). Although Conty et al. (2012) found a triple interaction on the P200, our results are not surprising as the triple interaction in this study is already observed on the N170. Greater activity for averted gaze as compared to direct gaze on the P200 replicates the findings of Rigato et al. (2010) .
On the late positive potential (LPP), we observed main effects of task and emotion. Anger (F (1,17) =24, p<0.001) induced greater activity as compared to neutral condition. Expression task (F (1,17) =19.4, p<0.001) induced greater activity as compared to Direction task (see Figure S1 ). An interaction
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ACCEPTED MANUSCRIPT 11 between gaze and task was also observed (F (1,17) =4.7, p<0.05) and was justified by a main effect of gaze only in the Direction task (F (1,17) =6, p<0.05). In this task, direct gaze induced greater activity as compared to averted gaze whereas no such difference was observed in the Expression task (see Figure S1 ). These results suggest that, at these later temporal stages, the emotional content of the faces may be always processed in both tasks whereas their gaze direction may only be processed in the Direction task. The present main effect of emotion on the late positive potential (LPP) is consistent with previous results that involve the LPP in explicit emotional processing (Cuthbert et al.
2000)
and task switching (Rushworth et al. 2002; Astle et al. 2008 ).
Crucially, there was no main effect of task before the LPP (all F<1.52, all p>0.23) nor interaction of the task with the other factors (all F<4.2, all p>0.05), suggesting at first view that the integration between gaze, emotion and gesture during the first 200 ms after stimulus onset are independent of selective attention related to the task.
Finally, we tested whether there were between-subjects correlations between the peak amplitudes of the N170 and the behavioral self-involvement ratings (for all the different conditions separately as well as for the differences of interest between conditions). No significant effects emerged (all r<0.4, all p>0.1).
Sources reconstruction
We then explored the brain sources of early integration of emotion, gaze and gesture observed on the N170 (see Fig. 2c ) and whether the sources of this integration were influenced by task-demand.
Firstly, we estimated these sources of early social cues integration across tasks. The masked source reconstruction analysis revealed that both structures of the limbic system (such as the amygdala, the hippocampus, the cingulate cortex as well as the ventromedial prefrontal cortex), previously
reported in experiments using explicit emotional tasks (Sato et al. 2004 (Sato et al. , 2010 Sander et al. 2007; N'Diaye et al. 2009; Adams et al. 2012) , and the dorsal pathway including the parietal and premotor
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Secondly, as the literature pointed toward inconsistent neural sources of a) gaze and emotion combination, and b) of the N170 (Itier and Taylor. 2004; Eimer 2011) , and even though there was no statistical interaction on the N170 activity (evoked potential analysis) between the three manipulated social cues (emotion, gaze and gesture) and the task factor, we tested whether the sources of the N170 varied as a function of the ongoing task. To do so, we performed the abovementioned masked analysis for each task separately. When participants attended to the emotional expressions, the amygdala, the hippocampus and the subgenual cingulate area were involved in the integration of social cues (see Table 1 for a full description of the results) whereas the post-central gyrus and the inferior and superior parietal cortex were detected when participants attended to gaze direction. In addition to these task-specific sources, the fusiform gyrus, middle occipital gyrus, inferior occipital gyrus and middle temporal gyrus which most probably involved the superior temporal sulcus (STS) were involved in both tasks (as revealed by the conjunction analysis).
DISCUSSION
The aim of the present study was to address whether, when and how, directing one's own attention towards a specific social signal emitted by another person impacts on its neural integration with other co-emitted social signals. Our critical finding was that the early integration of social visual cues is indexed by a temporal marker (N170) that is independent of the attended feature, yet being dependent on the relevance of the combination. While the underlying neural sources of the N170 included both limbic and dorsal pathway structures, their relative contribution was modulated as a function of the attended feature: integration during emotion judgments was mainly implemented in classical limbic areas but in the dorsal pathway during gaze direction judgments.
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The amplitude of the N170 and associated neural sources, as well as of the self-involvement ratings, are maximum when the combination of the co-emitted social cues clearly portrayed a threat for the observer, i.e. when the actor expressed anger, looked, and pointed toward the participant, in agreement with previous findings (Klucharev and Sams, 2004; Akechi et al., 2010; Rigato et al., 2010; Conty et al., 2012) . The statistical interactions between, in one hand, the three cues, and on the other hand, gaze and gesture within anger conditions only, suggest that the three co-emitted cues are merged into a single percept rather than triggering additive effects only. These results substantiate that our sensory system is not globally adapted to the statistics of all natural stimuli, but rather evolution has tailored our brain to be specifically optimized to biologically relevant stimuli (Machens et al. 2005) .
The temporal marker of the integration of emotion, gaze and gesture emerges 170 ms after stimulus onset. Importantly, this temporal marker emerges even if the integration of the three visual cues was not required to perform the task, as only one feature at a time was task-relevant. To our knowledge, this is the first study that directly compares the impact of two tasks on the spatiotemporal course of early integration of social cues. This allowed to reveal that early integration appears to be temporally task-related attention independent and thus contradicts the view that orienting attention to only one feature at a time results in processing co-emitted facial signals independently (Pourtois et al. 2004, Klucharev and Sams, 2004; Bindemann et al., 2008) . A general attention effect (rather than a selective attention effect) may explain whether this marker emerges within the first 200 ms or later:
indeed, when participants are requested to attend to the stimuli by judging either the emotional expressions (present study, Akechi et al., 2010) or the gaze direction (Conty et al., 2012) , the temporal marker of social cues integration emerges earlier (between 170 and 200 ms) than when participants observe passively (Rigato et al. 2010 ) or perform an oddball task (starting at 190 and lasting till 350 ms (Dumas et al., 2013) -but see exception by Klucharev and Sams (2004) .
The integration of social visual cues recruited the posterior occipital cortex, the fusiform gyrus (FG) and the superior temporal sulcus (STS) independently of task-demand. In functional imaging studies,
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ACCEPTED MANUSCRIPT 14 those areas have been frequently associated with face perception (Kanwisher et al. 1997; Puce et al. 1998; George et al. 1999) , notably, the FG preferentially processes the invariant aspects of the face while the STS processes changeable aspects such as the gaze and the mouth Hoffman and Haxby 2000) . Moreover, EEG source analyses have either reported the STS (Batty and Taylor. 2003; Henson et al. 2003; Itier et al. 2006; Itier and Taylor, 2004; Watanabe et al. 2003) or the FG (Itier and Taylor. 2002; Rossion et al. 2003; Watanabe et al. 2003) as the main source of the N170.
Here, we further showed that these classical neural sources of the N170 (Bötzel et al. 1995; Rossion et al. 2003; Conty et al. 2007 ) are involved in the early integration of facial expression with coemitted gaze direction and gesture, independently of the attended social cue.
Several limbic areas as well as dorsal pathway structures were also found to be engaged during the early integration of relevant social cues. Yet, in contrast to the above-mentioned areas, the contribution of these specific neural sources appears to be modulated as a function of the attended feature: predominantly sustained by classical limbic areas during emotion judgments, the integration of social cues involved the dorsal pathway during gaze direction judgments. Although most of the brain regions were revealed in previous fMRI studies on gaze-emotion integration (Hadjikhani et al. 2008; N'Diaye et al. 2009; Sato et al. 2010) , we further demonstrated, using two tasks, that when participants were requested to attend to the emotional content of the faces, the early integration of emotion, gaze and gesture took mainly place in the temporal pole including amygdala-hippocampal region and the subgenual orbital cortex, brain areas known to be involved in emotional processing (Phillips et al. 2003; Höistad and Barbas, 2008; Fusar-Poli et al. 2009 ), notably explicit processing (Gur et al. 2002; Keightley et al. 2003; Habel et al. 2007) . Nonetheless, these regions were less evidenced in the direction task mainly associated with the postcentral and the parietal cortex involved in gaze perception (Puce et al. 1998; Hoffman and Haxby, 2000) . Of interest, using fMRI, Zaki et al. (2012) similarly showed the involvement of specific neural networks as a function of the perceiver's goals,
i.e. to attend to the gaze direction or to the emotional state of the actor. Here, we further revealed that the contribution of the limbic system to the integration of social cues was enhanced when The present study thus reveals that the integration of social cues and not simply the perception of one or the other cues recruits a large brain network around 170 ms after stimulus onset, which activity is partly modulated by task-demand. Still, the question remains as to whether and how biologically relevant information flows within the whole network at a more fine-grained time scale.
From macaque monkeys data, one could speculate that the amygdala may initiate the integration and enhance sensory processing of biologically relevant signals thanks to direct projections to the ventral visual pathway including the FG and the STS (Hadj-Bouziane et al. 2012 ) and premotor cortex in the dorsal pathway (Avendano et al. 1983 ). To conclude, by addressing selective attention effects on the spatiotemporal course of social cues integration, we were able to show an influence of taskdemand on the "where" component rather than on the "when" component. Moreover, our results demonstrate that all social cues are encoded even when they are irrelevant to the task, as long as they are relevant to the observer. and gesture were manipulated: stimuli displayed a direct or an averted gaze, an angry or a neutral expression, a pointing gesture or not. b) Trial procedure: a central fixation area where the face of the stimuli later appears was presented for 500 ms. In the Expression task blocs, subjects had to judge whether the actor displayed an angry or a neutral expression. In the Direction task blocs, they had to judge whether the actor was addressing them or another. Supplementary figure S1. Main effects observed on P100, P200 and LPP. a) P100 topography at the time around the peak amplitude (92-116 ms) and main effects plots of emotion and gesture on electrode PO8. b) P200 topography at the time around the peak amplitude(184-208 ms) and main effects plots of emotion and gaze on electrode Cz. c) LPP topography between 300 and 700 ms and main effects plots of emotion and task on electrode Pz. *p<0.05; **p<0.01; ***p<0.001. A C C E P T E D M A N U S C R I P T 
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